In the present work we demonstrate the implication of excreted-secreted antigens in eliciting the protective cell-mediated immunity developed by rats toward Toxoplasma gondii. We first showed that 104 specific T cells from T. gondii-infected rats conferred to nude rats the ability to resist an infection by the highly virulent RH strain of T. gondii. In a second series of experiments, the role of excreted-secreted antigens in this protection was demonstrated. After the adoptive transfer to nude rats of various doses (103, 104, 105) of excreted-secreted antigen-specific helper T cells (propagated in vitro during one month), significant protection toward T. gondii was induced. Moreover, these cells were responsible for a specific antibody response in nude rats, which are normally unable to develop any specific humoral response. The specificity of these antibodies was directed toward different molecules with molecular masses of 104, 97, 57, 39, 30, 21 , and 18 kilodaltons; some of these have been previously characterized as major excreted-secreted antigens.
Toxoplasmosis is a widespread infection caused by the intracellular protozoan parasite Toxoplasma gondii. All species of mammals, including humans, can be infected by this pathogen. It is generally a mild or inapparent infection in human populations, except in fetuses (25) and in immunosuppressed patients (21) . In children and adults, Toxoplasma infection induces a protective immunity against reinfection. This resistance to toxoplasmosis seems to be mediated at least in part by cell-dependent immunity (18) , but the interactions between the different cell populations in parasite killing or in inhibition of growth in vivo are not yet clearly defined.
Unlike other rodents such as mice and hamsters, rats are resistant to T. gondii infection (6) . Therefore this experimental model has been less used in spite of some analogies with human toxoplasmosis (3) . However, we have previously shown that genetically athymic rats (nude; nulnu) did not survive an intraperitoneal infection with 103 tachyzoites of T. gondii. But when nude rats received lymph node cells they became resistant to the infection. This protection correlated with the level of toxoplasma-specific antibodies (28) . This suggested that T cells played a major role in the resistance of euthymic rat against Toxoplasma infection and that they induced the production of antibodies that could be implicated in this protection.
The excreted-secreted antigens (ESA) from the tachyzoites also seem to play a crucial role in immunity against toxoplasmosis (8) . Indeed, secretory antigens constitute the major part of the circulating antigens present in the plasma 24 h after the infection (14) . T lymphocytes of patients are stimulated by these antigens (13) , and genetically athymic Fischer rats are significantly protected by the passive transfer of sera from euthymic Fischer rats immunized with ESA (8) . This strongly suggested that ESA induce a protective immunity and that antibodies could play a crucial role in the protection obtained in the rat model. There is evidence that, among the isotypes of immunoglobulins produced after immunization with ESA, immunoglobulin E (IgE) plays * Corresponding author. some role. Fischer rats infected or immunized with ESA showed a specific IgE antibody response that was quantifiable by radioimmunoassay (26) . It has been suggested that IgE plays a role in antibody-dependent cellular cytotoxicity mechanisms involving platelets and eosinophils (26) . Therefore, the nude rat seems to be an interesting model for the study of the mechanisms controlling in vivo Toxoplasma infection.
In the present report we underline the preponderant role played by T cells recovered from infected or ESA-immunized rats in immunity to T. gondii infection.
MATERIALS AND METHODS
Parasites. T. gondii RH tachyzoites were obtained from Swiss mouse peritoneal fluids 3 days after mice were infected. The toxoplasma suspension was purified from remaining murine cells by filtration through 3-tLm-pore-size polycarbonate membrane filters (Nuclepore Corp., Pleasanton, Calif.). For some experiments, the parasites harvested by this procedure were irradiated (100 Gy, 10 min) (Philips RT 100) and then stored in liquid nitrogen until use.
Animals. Inbred Fischer/Ico F344 rats (2 months old) and genetically athymic Fischer (nude; nulnu) rats were maintained in the animal facilities of Pasteur Institute, Lille (19) in unreduced conditions. Proteins were transferred from sodium dodecyl sulfatepolyacrylamide gels to 0.45-,um-pore-size nitrocellulose paper (Schleicher & Schuell) by electrophoresis at 200 mA for 3 h. Briefly, strips were then incubated with various serum samples (1:100 diluted), and the fixed antibodies were revealed with an anti-rat peroxidase-labeled serum (Miles Laboratories).
RESULTS
Reactivity and transfer of specific T cells from infected rats. T cells from infected animals recovered 30 days after infection reacted against S2 antigens (Table 1) . Thus, the T lymphocytes were able to recognize the cytoplasmic antigens released after parasite lysis and to proliferate in in vitro experiments. In the S2 antigen extract, surface proteins were not included. For this reason, another method of in vitro stimulation was performed. The reactivity of parasite-specific T cells was tested against two different doses of irradiated parasites (103 and 104 per well) added with a constant concentration of soluble antigens (40 ,ug/ml). Moreover, an additive effect of the S2 antigens (cytoplasmic antigens) and of the irradiated tachyzoites, also containing the membrane antigens, clearly appeared. Controls showed that neither S2 nor irradiated parasites were able to induce a proliferative response in nonimmune T cells.
The in vivo study of a protective role for T cells was carried out. Parasite-specific T cells (104 to 107 cells per rat) pared; the proliferative response of these cells to antigenic stimulation and their protective effect after adoptive transfer were tested. ESA-specific T cells proliferated in a dosedependent manner either with S2 antigen (Table 2) or with irradiated tachyzoites associated with a constant dose of S2 (40 ,ug/ml) ( Table 3) . Nevertheless, it clearly appeared that the reactivity of ESA-specific T lymphocytes was essentially if not totally due to the antigens present in the S2 antigenic fraction. Indeed the proliferative response of these cells with only irradiated tachyzoites was very low. After 1 month in culture, T-cell lines contained 90% W3/13+, 88% W3/25+, 13% OX8+, and undetectable OX12+ cells. This demonstrated that lymph node cells maintained in long-term cultures were strongly enriched in T cells expressing the helper marker (W3/25) in rats. Among rats that had received 104 or 105 ESA-specific T cells ( Fig. 2A and B) , the majority (70%) were completely protected against toxoplasma infection, since they were still alive 70 days after the initial infection.
Moreover, as few as 103 ESA-specific helper T cells were sufficient to extend the survival of nude rats compared with rats that received BSA-specific T cells (Fig. 2C) . The rats that received 105 T cells were reinfected on day 60 with 105 parasites. All animals survived after the challenge, suggesting that the transfer of ESA-specific T cells conferred to nude rats a protective immunity against reinfection. nude rats infected after adoptive transfer of ESA-specific helper T cells recognized several antigens of the total tachyzoite extract (Fig. 4) . These antibodies progressively appeared during the course of infection. Seven days after infection, these nude rats had antibodies to 30- (24) in guinea pigs, but the protective effect of transferred T cells in his experiments was determined by reduction of dissemination of T. gondii parasites.
In our experiments, the nude rats could be partially or totally protected, and their survival was proportional to the number of T. gondii-specific T cells transferred. In healthy humans, toxoplasma infection induces a life-long protective immunity against reinfection (10, 11) . This suggests that during the first infection an efficient stimulation of the immune response occurs. The same situation was observed in our experimental model. The infected nude rats that had received T. gondii antigen-specific T cells were protected against a second infection with the lethal strain of T. gondii.
Three studies (15, 30, 32) (26) . Moreover, antibodies would lyse extracellular toxoplasmas in the presence of complementlike accessory factors (27, 29) . The antibodies in serum from nude rats that had received ESA-specific T cells and that were protected against infection were analyzed. It appeared that those antibodies had the same antigenic specificity as antibodies from ESA-immunized Fischer rat serum, which induced significant protection when passively transferred to nude rats (8) . It would be hazardous to attribute the protection to the antibody production alone. Indeed, numerous data demonstrate that cell-mediated immunity is a major component of the host defense mechanisms against toxoplasmosis (9, 20) and that immune lymphocyte products are involved. When lymphocytes from animals chronically infected with T. gondii were incubated in the presence of specific antigen, they produced and released into the culture medium a variety of biologically active substances, such as macrophage migration inhibitory factor (12), interleukin-2 (1), gamma interferon (31) , and toxoplasma mediator (5) . For this reason, we supposed that the ESA-specific helper T cells transferred could participate by means of production of lymphokines in the elimination of parasites by activating macrophage oxidative metabolisms and antiprotozoal activity (22) . Lymphokines like gamma interferon can activate macrophages for the elimination of intracellular parasites (23) . Gamma interferon appeared to be the major mediator of resistance against T. gondii. Indeed, mice treated with a monoclonal antibody against gamma interferon died with acute toxoplasmosis, whereas control mice developed immunity and survived (33) . Studies on lymphokine production by ESA-specific T cells and their role in the protective immunity of nude rats are presently underway.
A recent study demonstrated in the murine model that T lymphocytes from mice immunized with a temperaturesensitive mutant strain of T. gondii, Ts4, protect normal recipient mice against death caused by the moderately virulent C56 strain (34) . The phenotype Lyt-2+ and Lyt-1+ L3T4+ T cells were responsible for resistance against toxoplasmosis, but the Lyt-2+ T lymphocytes also could be involved. In addition, a recent report (17) demonstrated the induction of cytotoxic T cells by the major T. gondii membrane antigen P30. Since an antibody response toward P30 was observed in our model, the protection of nude rats could be due at least partly to P30-specific T cells with the phenotype OX8+, which represent about 15% of the Tlymphocyte populations after in vitro culture.
Since we show herein that ESA-specific antibodies and T cells induced protection, it is now important to find out which among the panel of ESA induce the major T-cell response and which are the main targets of the protective antibodies. The cloning of an ESA was recently carried out in our laboratory (4), and we are now studying the potential of these ESA for vaccines and characterizing the major Tand B-cell epitopes by using synthetic peptides.
